Its connection to climate is more controversial, although a change in its behaviour 23 between 1970 and 2000 coincided with rapid temperature increases in the Northern 24
Hemisphere. The North Atlantic and Nordic Seas are a key component in Pliocene 25
climate, showing the largest increases from modern sea surface temperature. To 26 understand these changes and the ability of climate models to reproduce them, we 27 must consider simulations of the NAM. Here we show that existing mid-Pliocene 28 simulations exhibit large changes to the mean state and variability in the North 29
Atlantic and a significant dampening of the NAO. Through sensitivity experiments 30 8 For ring-width measurements a Bannister Bench system was used to 224 measure the tree-ring widths of our Pliocene samples, which has a precision of 225 ±0.01 mm (Robinson and Evans, 1980) . Isotopic studies of tree-rings present some 226 advantages over basic ring width studies of fossil wood, being unaffected by the 227 modern 'divergence problem' among trees at high latitudes (Porter et al., 2009 ) and 228 non-climatic periodic events, such as insect outbreaks (Kress et al., 2009) . 229
All isotopic samples were processed to -cellulose using a modified Danzer method (Leavitt and Danzer, 1993) .  In order to investigate whether the fossil wood data contains any periodic or 242 quasi-periodic frequencies that match modes of climate variability, such as the NAM, 243 a spectral analysis has been performed. The Multi Taper Method (MTM), which 244 provides a spectral estimation of 'noisy' time series (Thomson, 1982; Percival and 245 Walden, 1993), has been used. MTM is nonparametric and reduces the variance of 246 spectral estimates by using a small set of tapers rather than the prescribed 247 frequency bands used by other methods. 248 Table 1 shows the impact of the various 298 boundary conditions on the key differences between the mid-Pliocene and pre-299 industrial atmospheres, while Table 2 shows the impact on the modelled oceans. 300
The largest driver of global warming in the mid-Pliocene is CO 2 , with 301 vegetation and orography also playing an important role. All of the boundary 302 condition changes play a role in the decreased equator to pole temperature gradient, 303 with CO 2 and orography particularly important. Reducing the altitude of the Rocky 304
Mountains reduces northward heat transport into the Arctic, primarily in the oceans, 305 but also in the atmosphere. This makes the orographic changes the largest 306 contributor to reduced equator to pole temperature gradients in the mid-Pliocene. 307
The role of vegetation in the reduced gradients seems to change depending on 308 whether you start in a mid-Pliocene or pre-industrial state. In the mid-Pliocene, 309 changing to pre-industrial vegetation seems to have little impact, whereas in the pre-310 industrial, changing to mid-Pliocene vegetation decreases the equator to pole 311 temperature gradient by more than 1.5°C. CO 2 , orography and vegetation play an 312 important role in changes to global precipitation, with CO 2 producing the largest 313 effect. CO 2 and orography also dominate the overall decreases in cloud coverage, 314 with mid-Pliocene vegetation and ice sheet changes introducing small increases in 315 cloud coverage. 316
In the key oceanic parameters CO 2 always produces the largest effect, with 317 orographic changes also playing an important role, especially in the Northern 318
Hemisphere sea-ice and ocean currents. The northward surface currents in the 319
North Atlantic seem to be particularly sensitive to boundary condition changes, with 320 (Fig. 2b) show that the North Atlantic variability in the mid-343
Pliocene is much reduced compared to modern. This large change in North Atlantic 344 variability can be largely attributed to a change in the mean state of the Icelandic 345 Low, which is persistently strong in the mid-Pliocene winter (Fig. 2c) . Due to the 346 strength and persistence of this low pressure system any interannual variability in the 347 North Atlantic is significantly dampened. EOFs show that, while Northern 348
Hemisphere variability has remained largely constant, the main centre of NAM 349 variability has shifted from the North Atlantic in the pre-industrial climate simulation 350 to the North Pacific in the mid-Pliocene standard simulation (Fig. 3) . contribution to the changes in the Icelandic Low, accounting for up to 16% of the 366 differences in the mid-Pliocene. However, up to 75% of the changes in North Atlantic 367 pressure systems can be attributed to differences in the mid-Pliocene and pre-368 industrial orography (Fig. 4) . 
